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Detection of spin polarized currents in quantum point contacts via transverse electron focusing
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It has been predicted recently that an electron beam can be polarized when it flows adiabatically through a
quantum point contact in a system with spin-orbit interaction. Here, we show that a simple transverse electron
focusing setup can be used to detect such polarized current. It uses the amplitude’s asymmetry of the spin-split
transverse electron focusing peak to extract information about the electron’s spin polarization. On the other
hand, and depending on the quantum point contact geometry, including this one-body effect can be important
when using the focusing setup to study many-body effects in quantum point contacts.
PACS numbers: PACS numbers: 72.25.Dc,73.23.Ad,75.47.Jn,71.71.Ej
I. INTRODUCTION
Important goals in the field of spintronics1 are the produc-
tion, detection and manipulation of spin polarized currents in
semiconductors. During the last years, there has been several
proposals in those directions which go from the use of ferro-
magnetic materials2 to the use of the spin Hall effect in sys-
tems with spin-orbit (SO) interaction.3,4,5,6,7,8,9,10,11 The latter
approach has attracted much of attention due to the non-trivial
spin dynamics introduced by the SO coupling.12,13,14,15 In a
recent work by Eto et al16 a very simple mechanism for cre-
ating a spin polarized current was proposed: electrons in a
two dimensional gas (2DEG) with SO coupling can be polar-
ized when they pass adiabatically through a constriction that
admits only a few conducting channels. Such a constriction
could be a quantum point contact (QPC) or simply a poten-
tial barrier in a quantum wire—a similar effect was predicted
by Silvestrov and Mishchenko.17 The origin of such polariza-
tion, discussed below, is related to the spin structure of the
energy sub-bands inside the constriction or barrier. Despite
this seemingly simple way to create a spin polarized current,
this effect has not been observed yet. One of the reasons is
that its detection requires the use of a spin analyzer, which is
not a trivial task.
In this work, we show that a two terminal device is not ef-
ficient to detect such spin polarized current and propose to
use transverse electron focusing to measure it. Transverse fo-
cusing experiments are done in a solid state device in which
electrons emitted from a QPC are focalized onto a collector
(another QPC) by the action of an external magnetic field per-
pendicular to the 2DEG—in a classical picture, the electrons
are forced to follow circular orbits due to the Lorentz force.
For values of the external field Bn such that the distance be-
tween the QPCs is n times the diameter of the cyclotron or-
bit, with n an integer number, the electrons enter the collector
and create a charge accumulation in it that generates a volt-
age difference. This gives voltage peaks as the external field
is swept through the focusing fields Bn.18 As shown in Refs.
[19,20], in systems with spin-orbit coupling the first focusing
peak splits in two. Furthermore, each peak corresponds to a
different spin projection of the electron leaving the emitter.19
If the emitted electrons were unpolarized, both peaks would
have the same intensity. Conversely, if the electrons leaving
the emitter are polarized, the intensity of the two peaks must
be different. The intensity difference of the two peaks is then
a direct measurement of the spin polarization of the current
induced by the emitter. This very simple idea was recently
used in Ref. [21] to study the current’s spin polarization in-
duced by the ‘0.7’ anomaly in a QPC. Our results are also rel-
evant in that context, since they shown that one-body effects
can substantially contribute to the peak’s height asymmetry.
It might then be difficult to distinguish one-body from many-
body effects22,23,24 using this technique.
II. SPIN POLARIZATION IN A QUANTUM POINT
CONTACT
A. The model
We consider a 2DEG with Rashba spin-orbit coupling. The
Hamiltonian describing the system is given by
H =
p2x + p2y
2m∗
+
α
h¯ (pyσx−pxσy)+V(r) . (1)
The first term is the kinetic energy of the 2DEG where m∗
is the electron effective mass. The second term describes
the Rashba coupling, whose strength is characterized by α ,
and the last term is the lateral confining potential defined by
the external gates. In order to present a quantitative descrip-
tion for arbitrary geometries, the Hamiltonian is integrated
numerically using a finite difference scheme—this is equiv-
alent to work with a tight-binding model (see Ref. [25] for
details). We first analyze the electronic transport through a
barrier or a constriction. The confining potential is V (rn)=
Vs(rn)+Vc(rn), where Vs(rn) defines the shape of the sample
(a hard wall potential) and Vc(rn) the structure of the barrier
or QPC. In what follows, we use two different models for Vc
and analyze their effectiveness to spin-polarize the transport
current. The SO coupling α is set to zero at the source and
drain reservoirs—described as ideal leads—and it is turned on
adiabatically at the lead-sample interface using either a hyper-
bolic tangent function or a simple linear function to describe
its spatial profile (see Fig. 1a).25,26,27
In the linear response regime, the conductance is given
by G = (e2/h)Tr
[
ΓRGr(EF)ΓLGa(EF)
]
, where Gr(a)(ε) is
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FIG. 1: (color online) (a) Schematic representation of the spatial pro-
file of the SO coupling α . The coupling is turned on and off in 300
lattice sites. (b) Schematics of the system’s geometry. The period
lead (800 sites wide) at the right of the QPC is introduced to avoid
the oscillation of the polarization as a function of the sample-lead
interface (see text). (c) potential profile corresponding to Eq. (2)
the retarded (advanced) matrix propagator, with elements
Griσ , jσ ′(ε) given by the propagator from site j and spin σ ′ to
site i and spin σ , ΓL(R)iσ , jσ ′= i(Σ
r
L(R)−ΣaL(R))iσ , jσ ′ where Σr(a)L(R) is
the retarded (advanced) self-energy due to the left (right) con-
tact and EF is the Fermi energy. The SO coupling acts as an
effective magnetic field contained in the plane of the 2DEG
with a magnitude that is proportional the momentum of the
carrier. This effective field lifts the spin degeneracy of the
bands. For the wire geometry it is convenient to quantize the
spins along the transverse axis (y-axis). In what follows ↑ and
↓ indicate the two spin projections along this direction.
To study the current spin polarization, we calculate the
spin-resolved conductance Gσ ′σ that describes the contribu-
tions due to the electrons that are injected from the left lead
with spin σ and collected at the right lead with spin σ ′. The
polarization P of the transmitted current is then defined as
P=∑σ (G↑σ−G↓σ )/∑σσ ′ Gσ ′σ . We first consider the follow-
ing potential16
Vc(x,y) =
Vg
2
(1+cos pix
Lx
) (2)
+
ηEF
∆2 ∑s=±(y−ys(x))
2θ [s(y−ys(x))] ,
which is defined for |x|≤Lx=L1 θ (−x)+L2 θ (x) and it is zero
otherwise. L1 +L2 is the total length of the potential barrier,
y±(x)=±(Ly/4)[1−cos(pix/Lx)] gives the shape of the lateral
FIG. 2: (color online) Conductance (a) and polarization (b, c) for
different geometries (η = 0, left and η = 1, right panel) and values
of the SO-coupling α as a function of the gate potential Vg. The
common parameters are Ly = 51a0, L1 = L2 = 30a0, EF = 10meV,
m∗=0.067m0 , ∆=L1/4 and the lattice parameter a0=5nm. (a) con-
ductance for α = 5meVnm (thick line) and 20meVnm (thin line);
(b) polarization for α = 5 (dotted line), 10 (solid line), 15 (shot-
dotted line), and 20meVnm (thin solid line); (c) polarization for
α=10meVnm and different values of L2.
constriction, and θ (x) is the step-function. This model poten-
tial has the virtue that the relevant parameters can be easily
changed. The gate potential Vg controls the height of the po-
tential barrier at x=0 and then the conductance.
Before presenting the results, it is important to empha-
size here the role play by the sample-lead interface (the point
where α is turned off). We have found that, in narrow wires,
the polarization of the current strongly depends on the posi-
tion of such interface. In fact, the polarization shows an oscil-
lating pattern as a function of the distance between the QPC
and the sample-lead interface. The oscillation originates from
the scattering of the electrons at the edges of the wires before
reaching the sample-lead interface. To avoid this effect, we
introduced a large periodic lead at the output of the QPC as
shown in Fig. 1b.28
Figure 2 shows the conductance and the polarization as a
function of the gate potential Vg for different values of the pa-
rameters. Left panels correspond to η =0, a simple potential
barrier, while the right panels correspond to η =1, a QPC. In
Fig.2a the conductance is shown for different values of α; as
it increases the conductance curve is shifted towards a higher
3gate potential, as expected. Except for that, the total conduc-
tance is not sensitive to the Rashba coupling. Note that for
η =0 the conductance steps are not well defined. It is worth
notice that the latter case is not in the regime where a jump
on the conductance at the opening of the barrier is expected.17
Figure 2b shows the current polarization for α =5,10,15,20
meVnm. The polarization increases with α monotonically.
The polarization for α=10 meVnm and different values of L2
is shown in Fig. 2c. Clearly, P increases with L2 while it is
essentially independent of L1 (not shown).16
These results are consistent with the ideas put forward in
Ref. [16]. The spin filtering effect arises from the avoided
crossings (caused by the term αh¯ pyσx in (1)) between differ-
ent spin-dependent sub-bands (channels associated to the term
p2x/2m∗− αh¯ pxσy). These avoided crossings generate an adia-
batic spin rotation as the electrons leave the QPC, hence the
strong dependence on L2 (the parameter that controls adia-
baticity). The picture also explains why the total conduc-
tance is not affected, as the number of propagating chan-
nels inside the QPC do not change. The partial conductance
G↑ = ∑σ G↑,σ and G↓ = ∑σ G↓,σ are, in general, very dif-
ferent from each other. Usually, in the first plateau, G↑ is
larger than e2/h, which indicates that for the transmitted elec-
trons with spin ↑ there is more than one channel that con-
tributes. In particular, one can find cases where P≃1, so that
G↓↓ ≃G↑↓ ≃G↓↑ ≃ 0 and G↑↑ ≃ 2e2/h (see Ref. [26]). In this
extreme case, only spin up electrons are transmitted. How-
ever, spins rotate as electrons enter and leave the QPC and
both spins contribute to the charge current inside the QPC.
The fact that P 6= 0 is quite general. It does not depend
on the details of the potential Vc(r) as far as adiabaticity
is guarantee. We have verified this by computing the con-
ductance and the polarization for different potential profiles.
From hereon, we use a more realistic potential corresponding
to rectangular gates of length l, separated a distance W from
each other and located at a distance z from the 2DEG,29
V (x,y) = Vg[ f (x−,y+)− f (x+,y+)
+ f (x−,−y−)− f (x+,−y−)] (3)
with x± = x/z± l/2z, y± = y/z±W/2z and
f (u,v) = 1
2pi
[pi
2
− arctan(u)− arctan(u)
+arctan
(
uv√
1+ u2+ v2
)]
(4)
In the following, we use z=30nm, l=250nm and W =100nm
B. The effect of magnetic fields
We now analyze the effect of both a small out-of-plane
magnetic field, which couples to the spin and orbital degrees
of freedom, and an in-plane field, which couples to the spins
only. As we show below, the polarization P is more sensitive
to the presence of an in-plane field.
The presence of an out-of-plane field Bz is described by in-
cluding a term Hz=gµBσzBz and replacing the momentum p
FIG. 3: (color online) Polarization as a function of Vg in a more re-
alistic potential profile (see text). The vertical lines correspond to
G= e2/h and G= 3e2/h. (a) for α = 5,10,15,20meVnm (dashed,
solid, dotted, short-dashed line, respectively). (b) for different values
of Bz and α =10meVnm. (c) for different values of the Zeeman en-
ergy gµBB‖=−0.25meV, −0.125meV, 0meV, 0.125meV, 0.25meV
(short-dashed, dashed, solid, dotted and short dotted line, respec-
tively) and α as in (b). Notice that for B‖ 6=0, the polarization has
an abrupt change when the conductance reaches the first plateau and
that for B‖<0 it can even change sign.
by (p+e/cA) where A is the vector potential associated with
Bz. In the tight-binding representation, the latter is included
as a Peierls substitution.19 Both the conductance (not shown)
and the polarization are relatively insensitive to the presence
of Bz in the explored range [0,200mT]. In the case of the con-
ductance, the field does not generate a splitting of the plateaus
but a weak double shoulder. This effect, which is much larger
than what it is expected from the Zeeman term, is originated
by the diamagnetic coupling.30
The case of an in-plane field along the y-axis is shown in
figure 3c. Since the transmitted current is polarized in the
y-direction, a field pointing in the same direction tends to in-
crease or decrease the effect depending on its sign. This is
clearly seen in the figure, in particular before the first plateau
of the conductance is fully developed—the effect is less pro-
nounced at the opening of the second and third channels. In-
4FIG. 4: (color online) Schematic representation of the setup used to
detect spin polarization. The focusing signal is the voltage VCD as a
function of Bz
terestingly, for the parameters of the figure and a field such
that gµBB‖ = 0.125meV, which for g = 0.5 corresponds to
B‖≃ 5T, P changes sign for a gate potential Vg correspond-
ing to G≃ e2/h. This shows that the interplay between SO
coupling and an external in-plane field could be used to select
the desired polarization of the current transmitted through a
QPC.
III. DETECTION USING TRANSVERSE ELECTRON
FOCUSING
Even in the presence of external fields, a direct measure-
ment of transport properties in two terminal devices does not
provide any evidence of the spin polarization of the transmit-
ted current. We have verified that neither the shot noise nor
the thermopower show any significant feature even in the case
of large P. To measure P it is then necessary to design an
experiment with a more complex geometry. In the following,
we discuss how transverse electron focusing can give a direct
measurement of the polarization induced by the QPC.
The transverse electron focusing setup is shown in Fig. 4: a
current IAB is injected through the first QPC while the voltage
drop VCD is measured in the second QPC.31 VCD shows then a
series of peaks every time R/2rc is an integer number. Here, R
is the distance between the QPCs (of the order of 1µm) and rc
is the cyclotron radius. For the purpose of the present work we
can assume32 that VCD ∝ TAD, where TAD is the transmission
probability from one QPC to the other. In the presence of
SO coupling, the first focusing peak is split in two, each peak
corresponding to a different spin orientation of the electrons
leaving the emitting QPC.19,20,33,34,35
Figure 5a shows typical results for TAD as a function of Bz
for different values of Vg1 and B‖. Clearly, the asymmetry
of the peaks height results from the polarization of the elec-
trons as they are transmitted through the first QPC. There-
fore, such difference is a measure of P. Figure 5b shows the
peak’s height difference (normalized to the sum) as a func-
tion of Vg1 for α = 10meVnm and gµBB‖= 0,0.25meV and
−0.25meV. This clearly reveals the presence of a spin polar-
ized current and allows to quantify it. A close comparison
FIG. 5: (color online) Top: Spin-split first focusing peak for differ-
ent values of Vg1 and B‖ as indicated. Peaks are normalized to have
the same area. Notice the contrast in the peaks’ magnitude, reflect-
ing the different values of polarization of the electrons emitted by
the QPC. Bottom: Polarization, as extracted from the peaks’ height,
as a function of Vg1 for α=10meVnm and gµBB‖=0,0.25meV and
−0.25meV (solid, dashed and dotted lines, respectively). These re-
sults compare nicely with those of Fig. 3c and shown that informa-
tion about P can be extracted from the focusing signal.
with Fig. 3c, however, show some quantitative differences.
The main difference comes from the fact that in the focusing
geometry both QPCs lead to some spin polarization. A sim-
ple estimate for the ‘measured’ polarization Pm is given by
Pm =(P1−D)/(1−P1D) where P1 is the spin polarization in-
troduced by the first QPC and D=∑σ (Gσ↑−Gσ↓)/∑σσ ′ Gσ ′σ
is a filtering factor that measure the transmission difference of
the two spin projections through the second QPC (for a sym-
metric QPC, D=−P). We checked this relation by turning on
and off the SO coupling in the second QPC. Experimentally,
this could be avoided by using a different geometry for the
second QPC (less adiabatic) so that D≪1 and then Pm≃P1.
It is important to emphasize that the behavior of P as a func-
tion of Vg1 in the region where the QPC starts conducting is,
in general, the opposite to the one observed in a sample with
a two dimensional hole gas, see Ref. [21]. That is, the po-
larization increases as the QPC opens up—there are some ex-
5amples of a decrease of the polarization (see Fig. 2) though
the changes of P is rather small. This increase of P is also
expected based on the theoretical arguments explained above
for either Rashba or Dreselhauss SO coupling.
IV. SUMMARY
We showed that the spin polarized current generated by a
QPC in systems with Rashba spin-orbit coupling can be mea-
sured using a transverse electron focusing setup. This is possi-
ble because the difference in amplitude of the spin-split focus-
ing peaks is proportional to the spin polarization of the elec-
trons leaving the emitting QPC.
In addition, we also showed that the interplay between SO
coupling and an in-plane magnetic field could be used to in-
dependently select the desired sign of the polarization of the
current transmitted through a given QPC. This is quite differ-
ent for the case without SO,18 where only the magnitude of
the polarization can be changed and where the sign of the po-
larization would be the same in all the QPCs present on the
system.
Finally, we found that current polarization increases with
the conductance of the QPC as it goes from zero to 2e2/h. As
mentioned above, this is just the opposite behavior that was
observed in Ref. [21]. It is not clear to us at this point what is
the origin of this discrepancy. One possibility is the different
nature of the spin-orbit coupling in electron and hole gases.
The other is the presence of many-body effects, which are not
included in our calculation. In the latter case, the tempera-
ture dependence of the observed polarization might provide a
way to distinguish between both contributions as we expect
the one-body SO effect described here to be rather insensitive
to temperature as far a kT is smaller than 2αkF . This is a very
interesting point that deserves further investigation.
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